Warming of the Earth climate system is unequivocal. That climate changes affect the stability of natural and engineered slopes and have consequences on landslides, is also undisputable. Less clear is the type, extent, magnitude and direction of the changes in the stability conditions, and on the location, abundance, activity and frequency of landslides in response to the projected climate changes. Climate and landslides act at only partially overlapping spatial and temporal scales, complicating the evaluation of the climate impacts on landslides. We review the literature on landslide-climate studies, and find a bias in their geographical distribution, with large parts of the world not investigated. We recommend to fill the gap with new studies in Asia, South America, and Africa. We examine advantages and limits of the approaches adopted to evaluate the effects of climate variations on landslides, including prospective modelling and retrospective methods that use landslide and climate records. We consider changes in temperature, precipitation, wind and weather systems, and their direct and indirect effects on the stability of single slopes, and we use a probabilistic landslide hazard model to appraise regional landslide changes. Our review indicates that the modelling results of landslide-climate studies depend more on the emission scenarios, the Global Circulation Models, and the methods to downscale the climate variables, than on the description of the variables controlling slope processes. We advocate for constructing ensembles of projections based on a range of emissions scenarios, and to use carefully results from worst-case scenarios that may over/under-estimate landslide hazards and risk. We further advocate that uncertainties in the landslide projections must be quantified and communicated to decision makers and the public. We perform a preliminary global assessment of the future landslide impact, and we present a global map of the projected impact of climate change on landslide activity and abundance. Where global warming is expected to increase the frequency and intensity of severe rainfall events, a primary trigger of rapid-moving landslides that cause many landslide fatalities, we predict an increase in the number of people exposed to landslide risk. Finally, we give recommendations for landslide adaptation and risk reduction strategies in the framework of a warming climate.
Introduction
The assessment of the effects of climate change on the natural environment challenges the scientific community and poses thoughtprovoking problems to decision makers and politicians. Global warming is unequivocal (Diffenbaugh and Field, 2013; IPCC, 2014; LoPresti et al., 2015) , but the effects of global warming, and the related changes in climate, on geo-hydrological hazards (e.g., floods, landslides, droughts) remain difficult to determine, and to predict. There is the need to understand and measure how climate variables and their variability affect geohydrological hazards, including landslides.
A landslide is a type of mass wasting process that acts on natural and engineered slopes. It is the movement of a mass of rock, debris, or earth down a slope, under the influence of gravity (Cruden and Varnes, 1996; Hungr et al., 2013) . Landslides involve flowing, sliding, toppling, falling, or spreading, and many landslides exhibit a combination of different types of movements, at the same time or during the lifetime of the landslide. Landslides are present in all continents, and play an important role in the evolution of landscapes. In many areas they also pose a serious threat to the population (Petley, 2012) .
Different phenomena influence the stability of slopes and cause landslides, including e.g., precipitation, snow melting, temperature changes, earthquake shaking, volcanic activity, and various human actions. Climate and its variations control or influence some of these phenomena, and chiefly precipitation and temperature (Dhakal and Sidle, 2004; Sidle and Ochiai, 2006; Crozier, 2010) . It is therefore expected that climate (and its changes) influences slope stability at different temporal and geographical scales (Seneviratne et al., 2012) . However, little is known about the effects of climate and its variation on slope stability, landslides, landslide hazards, and the related risk Crozier, 2010; Dijkstra and Dixon, 2010; Coe and Godt, 2012) .
The fifth synthesis report of the Intergovernmental Panel on Climate Change (IPCC, 2014) , like the previous four, did not provide a global overview on landslides. Landslides were considered in the IPCC special report "Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation" (Seneviratne et al., 2012) , where one reads that "There is high confidence that changes in heat waves, glacial retreat, and/or permafrost degradation will affect slope instabilities in high mountains, and medium confidence that temperature-related changes will influence bedrock stability. There is also high confidence that changes in heavy precipitation will affect landslides in some regions". Considerations on local or regional landslide conditions were given in the reports of IPCC working group II published in 2007 (Parry et al., 2007) and 2014 Barros et al., 2014) . Significantly, the IPCC (2014) synthesis report provided evaluations on flood risk to the population, and concluded that the number of people exposed to rare flood events is expected to increase worldwide. A similar global assessment for landslide risk to the population is still missing.
Since the release of the first assessment report of the IPCC (Houghton et al., 1990) , the number of scientific papers dealing with landslides and climate change has increased steadily, with more than ten articles per year published in the recent years (Fig. 1) . The interest is not limited to the Earth, and De Blasio (2010) examined landslides on Mars to obtain indications on past climate conditions on the planet.
Remarkably, in recent years the percentage of articles on landslideclimate studies (Fig. 1, 1990 (Fig. 1, -2016 is lower than for the entire landslide literature (Fig. 1 , Wu et al., 2015 Wu et al., , 1991 Wu et al., -2014 .
In this paper, we review published works that have investigated the past, current, and future (expected, projected) impact of climate change on landslides. The literature on the subject is broad and diversified, and we limit our review to peer-reviewed articles published in scientific journals, in the proceedings of technical conferences, and in multiauthored books (Fig. 1) , excluding the grey literature. We focus primarily on the expected or projected future impacts of climate change on landslides, and subordinately on the analysis of ancient climate changes and their influence on slopes. Our review builds on few previous works, and particularly the works of Crozier (2010) , who examined many factors linking landslides to climate change, and of Coe and Godt (2012) , who analyzed different approaches to assess the impact of climate change on landslides.
The paper is organized as follows. In Section 2, we review works dealing with the impacts of climate change on landslides, including evaluations of slope stability exploiting climate projections, and analyses of landslides and climate records, and of landslide paleo-evidences. This is followed, in Section 3, by an analysis of how climate factors control/condition the stability of slopes (Crozier, 2010) , and the possible variations in landslide hazard in response to climate changes. Next, in Section 4.1, we discuss what we consider advantages and limitations of the approaches adopted to evaluate slope stability using downscaled climate projections, the joint analysis of landslide and climate records, and ancient landslide evidences. This is followed, in Section 4.2, by a preliminary global evaluation of the expected changes in landslide activity, abundance, and types in response to the projected climate changes and, in Section 4.3, by recommendations for climate adaptation and 1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008  2009  2010  2011  2012  2013  2014  2015  2016 Articles in proceedings Articles in multi-authored books
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Articles on climate and landslides Articles on landslides (Wu et al., 2015) Fig. 1. Bar chart (left y-axis) shows the number of articles on landslide-climate studies published in scientific journals, multi-authored books and conference proceedings, from 1990 to 2016. Articles were searched using Elsevier's Scopus and Google Scholar. Red lines (right y-axis) show percentages of articles on landslide-climate studies from 1990 to 2016 (this study, continuous line) and landslide studies published in scientific journals from 1991 to 2014 (Wu et al., 2015, dashed line) . Years of the five IPCC assessment reports are shown in yellow along the x-axis.
landslide risk reduction strategies. We conclude, in Section 5, summarizing the lessons learnt.
Approaches to evaluate the effects on landslides of climate change
Only a few authors have attempted systematic, critical reviews of studies, concepts, ideas, and results of analyses on the impact of climate change on landslides Sidle and Ochiai, 2006; McInnes et al., 2007; Crozier, 2010; Coe and Godt, 2012) . In this work, we build on, and attempt to expand these works. Dikau and Schrott (1999) summarized the results of the 3-year TESLEC -Temporal Stability and activity of Landslides in Europe with respect to Climatic changeproject, funded by the European Commission in the 5th European Community Framework Programme. The project focused on three main objectives: (i) defining criteria for the recognition of landslides, (ii) reconstructing past distributions of landslides and their relationships to climatic variables, and (iii) developing a combined hydrological and slope stability modelling framework to evaluate the effects of climate variation on landslides. Eight study sites in England (1), France (1), Italy (2), Portugal (1), and Spain (3), were investigated in the period 1850-2000. The main result of the project was the impossibility to establish a single, "universal law" and a unique method to analyze the relationship between landslides and climate in Europe, due to complexity of the problem. Sidle and Ochiai (2006) , in an evaluation of the variables and processes affecting landslide phenomena, discussed the influences of climate change on landslides, and concluded that the increase in mean air temperature and changes in regional annual and seasonal precipitation were the most relevant climate variations that may affect landslides. They also considered the effects of climate change on vegetation, soil, land use and land cover, but acknowledged that the related feedback processes introduced more complex interactions in an already difficult evaluation. McInnes et al. (2007) edited the proceedings of the International Conference on Landslides and Climate Change, held in Ventnor, UK, in 2007. The proceedings presented the results of historical analyses of the impact of climate change on landslides (and other natural hazards), methods for landslide modelling, assessments of landslide hazards and hazard management, and risk management and governance experiences in the framework of a changing climate. Crozier (2010) was first to list and to examine systematically the mechanisms by which climate change can affect landslides, and more generally the stability conditions of slopes, assessing the impact of the predicted climate changes on landslides and engineered slopes. A significant conclusion of the work was that, regardless of the approach used, the inherent incompleteness of old climate and landslide records limits the possibility to evaluate the impact of the expected environmental and climate changes on landslide frequency, and on to estimate variations in the associated risk. Another important conclusion was that impacts of climate change on landslides were in places likely minor, compared to impacts from human disturbance. Coe and Godt (2012) identified fourteen different approaches to assess the impact of climate change on landslides, and grouped them into three broad categories, including: (i) long-term monitoring, (ii) retrospective approaches, and (iii) prospective approaches. A relevant finding of the work was that all the considered studies that have attempted to predict the activity of rainfall-induced, shallow landslides and debris flows have high uncertainties; a result of the difficulty in predicting short-term extreme storms. Conversely, studies that have attempted to predict landslide activity using air temperature and annual/seasonal rainfall exhibit a lower uncertainty; a result of the fact that air temperature and annual/seasonal rainfall can be predicted with less uncertainty.
Overall, we have found in the literature and have analyzed 103 papers dealing with the effects and the consequences of climate change and landslides published between 1983 and 2016. Fig. 2 shows the geographical distribution of the considered case studies. Five continents are represented, with a large number of studies in Europe (69 studies), and chiefly in Italy (23), France (16), and United Kingdom (13), followed by North America, with 8 studies in Canada and 2 studies in the USA, Asia (7), South America (4), Oceania (3), and Africa (1). The Alps are the most investigated physiographic area, including the French (16), Italian (13), and Swiss (7) Alps. British Columbia (Canada) is the most studied administrative area. In many regions, the number of studies is larger than the number of study areas, with more than one study per area, introducing a bias in the geographical significance of the results.
Our literature analysis revealed that the study of the impacts of climate change on landslides is attempted adopting modelling, empirical, or combined approaches (Fig. 2 country of what we consider the most relevant studies reviewed in this work that adopted modelling and empirical approaches. The modelling approach investigates variations in the stability conditions of single slopes or landslides driven by long-term rainfall and/ or pore pressure variations obtained from future (synthetic) rainfall projections generated by downscaled global climate models (Wilby and Wigley, 1997; Fowler et al., 2007) , used as an input to physicallybased, statistical, or regional slope stability models (Table 1 ). Fig. 3 shows that the period covered by the investigations, and particularly model-based ones, has not changed significantly from 1998 to 2016, and that for many studies the calibration period (dark blue bars in Fig. 3) is shorter, or much shorter (e.g., Dehn, 1999; Coe, 2012; Villani et al., 2015; Gassner et al., 2015) than the projection period (light blue bars in Fig. 3 ). The large differences threaten the significance of the projections.
The empirical approach analyzes records of landslide occurrences and attempts to determine geographical and temporal variations in the occurrence, frequency, or rate of (re-)activation of the landslides. Two groups of empirical approaches can be singled out, depending on the period covered by the investigation, which affects the methods used to reconstruct the landslide and climate records. A first empirical approach compares catalogues of historical landslide occurrences with climatic records, chiefly rainfall and temperature, covering a few to many decades, typically in the last two centuries ("H" in Table 1 , Fig. 3 ). A second empirical approach exploits paleo-environmental data to reconstruct records of ancient landslides and to analyze periods of increased/decreased landslide activity. The time covered by studies that adopted this approach range broadly during the Quaternary, between the Late glacial and the Holocene, covering the period from 40,000 BP to the 20th century ("P" in Table 1 , Fig. 4 ).
The studies differ in the extent of the investigated area (Table 1) . The majority of the model-based approaches are local, and investigate a portion of a slope, a single slope, or a single landslide (Buma and Dehn, 1998, 2000; Dehn and Buma, 1999; Tacher and Bonnard, 2007; Bonnard et al., 2008; Comegna et al., 2013; Rianna et al., 2014) . Some model-based approaches were applied to populations of landslides in homogeneous areas (Jomelli et al., 2004 (Jomelli et al., , 2007 (Jomelli et al., , 2009 Jakob and Lambert, 2009; Chang and Chiang, 2011; Ciabatta et al., 2016) . Table 1 List of the main works and approaches considered in this work to assess the impact on landslides of climate change. The approach, the location (area, country, continent), the morphological settings, the landslide type studied, and the type of climatic data or the dating technique used are listed. Approach: M, modelling (SS, slope stability model; SM, statistical model; RM, regional model); H, historical (analysis of historical landslide and climate records); P, analysis of landslide paleo-evidences. (1) Buma and Dehn (1998) , (2) Dehn (1999) , (3) Collison et al. (2000) , (4) Tacher and Bonnard (2007) , (5) Chang and Chiang (2011) , (6) Coe (2012), (7) Melchiorre and Frattini (2012) , (8) Comegna et al. (2013) , (9) Rianna et al. (2014) , (10) Villani et al. (2015) , (11) Dixon and Brook (2007) , (12) Jakob and Lambert (2009) Polemio and Lonigro (2015) , (29) Paranunzio et al. (2016) . (30) Innes (1983) , (31) Innes (1985) , (32) Bovis and Jones (1992) , (33) González Díez et al. (1996) , (34) Lateltin et al. (1997) , (35) Margielewski (1998) , (36) Trauth et al. (2000) , (37) Schmidt and Dikau (2004) , (38) Soldati et al. (2004) , (39) Stoffel and Beniston (2006) , (40) Matthews et al. (2009) , (41) Borgatti and Soldati (2010) , (42) Yin et al. (2014) , (43) Sewell et al. (2015) . Legend: countries shown with two-letter ISO 3166-1 alpha-2 codes, and continents with two-letter ISO codes. Size, SZ: 0, [0-1] km 2 ; 1, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 
Conversely, the empirical approaches were applied at the regional scale, mostlybut not exclusivelyin mountainous areas (Innes, 1985; Zimmermann and Haeberli, 1992; Evans and Clague, 1994; Sidorova et al., 2001; Bracegirdle et al., 2007; Geertsema et al., 2007; Hultén et al., 2007; Guthrie et al., 2010; Polemio and Petrucci, 2010; Allen et al., 2011; Deline, 2011, 2015; Fischer et al., 2013; Geertsema, 2013; Lonigro, 2013, 2015; Saez et al., 2013; Gariano et al., 2015a; Palomba et al., 2015; Wood et al., 2015 Wood et al., , 2016 . Recently, attempts were also made to consider future climate scenarios in regional landslide susceptibility (Fan et al., 2013; Kim et al., 2014; Gassner et al., 2015; Shou and Yang, 2015) and hazard (Baills et al., 2013; Lee et al., 2014; Winter and Shearer, 2015) assessments, and for regional landslide early warning systems (Arambepola et al., 2013; Ciabatta et al., 2016) .
We now outline what we consider the most relevant conclusions of works dealing with (i) modelling of the future slope stability conditions exploiting downscaled climate projections in slope stability models (Section 2.1), (ii) analyses of historical records of landslides and climate variables and their combinations (Section 2.2), and (iii) investigations of paleo-evidences of the long-term effects of climate changes and landslides (Section 2.3).
Evaluation of slope stability conditions using downscaled climate projections
A number of studies have investigated the effect of climate change on landslide occurrence or (re)activation exploiting downscaled synthetic rainfall series obtained from Global Circulation Model (GCM) as input of slope stability Tacher and Bonnard, 2007; Bonnard et al., 2008; Chang and Chiang, 2011) , hydrological (Collison et al., 2000; Coe, 2012; Comegna et al., 2013; Rianna et al., 2014) , empirical/statistical (Dixon and Brook, 2007; Jakob and Lambert, 2009; Jomelli et al., 2009; Turkington et al., 2016 ), or regional (Schmidt and Glade, 2003; Gassner et al., 2015; Ciabatta et al., 2016) models. The studies focused chiefly on mountain and hilly terrain, and considered individual, shallow and deep-seated slope failures, or 27 (2015) 26 (2015) 28 (2015) 25 (2014) 24 (2013) 23 (2010) 21 (2004) 20 (1999) 19 (1997) 18 (1994) 16 (2015) 15 (2003) 14 (2016) 13 ( . Chart shows temporal distribution and range of studies reviewed in this work that adopted (i) a modelling approach (dark blue bars show calibration period, light blue bars show projection period) and (ii) an historical analysis approach (red bars). Reference number (Table 1) , year of publication, period of analysis, country (shown using two-letter ISO 3166-1 alpha-2 code), morphological settings (MS), and type of landslide (LT) are given for 16 studies (blue) that used climate projections and landslide models (Section 2.1), and 12 studies (red) that used historical information on landslides and climate variables (Section 2.2). Legend: morphological settings (MS): white, high mountain; brown, mountain; green, hill. Landslide type (LT): DF, debris flow; DS, deep-seated landslide; EF, earthflow; MS, mud slide; RF, rock/ice fall; SL, shallow landslide; ML, multiple landslide types; NA, not available.
populations of mainly shallow landslides. Most of the studies were conducted in Europe (22), and particularly in Italy (7), France (6), and United Kingdom (6). Studies were also conducted in Asia (5), North America (3), and Oceania (1) (Fig. 2) . Conceptually, no difference exists between works that studied a single slope or landslide, and works that studied populations of landslides in a large area. The former used the results of a single cell of a downscaled GCM, whereas the latter used one or more adjacent cells. Jelle Buma and Martin Dehn were first to exploit future (synthetic) rainfall records from a coupled ocean-atmosphere GCM (ECHAM4/ OPYC3, Roeckner et al., 1996) to investigate the future stability of a landslide (Buma and Dehn, 1998, 2000; Dehn and Buma, 1999; Buma, 2000) . They analyzed the recurrence intervals of a shallow landslide in the Barcelonnette basin, SE France, in the 42-year period 1928-1970, investigated using a stability model coupled with a hydrological model, and the rainfall recorded in the same period. Then, using statically downscaled rainfall from different GCM scenarios in the period 1971-2099, they found a significant reduction in the frequency of the landslide reactivations due to a slight decrease in the mean annual rainfall. Dehn (1999) and Dehn et al. (2000) proposed an early approach to transform transient GCM outputs to local precipitation scenarios exploiting a statistical downscaling technique. Next, they used the downscaled precipitation and temperature scenarios as inputs for a hydrological slope stability model to ascertain the future activity of the Alverà mudslide, Cortina d'Ampezzo, in the Italian Dolomites, an area where rainfall was predicted to decrease. Using two transient GCM experiments (HadCM2, Johns et al., 1997 , ECHAM4/OPYC3, Roeckner et al., 1996 based on the IPCC emission scenario IS92a (Houghton et al., 1992) , they found a substantial reduction in the landslide annual displacement rate, with a general decrease in landslide activity in the spring. These pioneering works outlined limitations in the use of GCM projections, and specifically biases and errors introduced by the climate scenarios in assessing changes in landslide activity, acknowledging at the same time the high degree of uncertainty in the obtained results.
Following these groundbreaking approaches, several authors exploited synthetic rainfall records from downscaled GCMs as input to slope stability or hydrological models. Most of the studies focused on single landslides. Collison et al. (2000) studied a shallow translational slide in SE England using a topographic index to distribute rainfall throughout the slope, a 1-dimension hydrological model for the estimation of the depth of the water table, and an infinite slope stability model to calculate the factor of safety. To obtain daily rainfall and temperature records from monthly GCM projections (HadCM2, Johns et al., 1997) they used a statistical downscaling approach. Results revealed an 11% increase in mean annual rainfall (mainly in winter), and a 13% increase in evapotranspiration, due to an increase in the mean annual temperature. The study concluded that variations in the rainfall and temperature regimes and the related changes in water table depths were likely to reduce the triggering of small, shallow slope failures.
Coe (2012) investigated a continuously moving deep-seated landslide (estimated volume 0.02 km 3 , estimated depth 20 m) in Colorado, USA, using 12 years (1998 USA, using 12 years ( -2011 of measurements of annual displacement, a moisture balance index and downscaled climate projections (A2 IPCC scenario, Houghton et al., 2001) for the period 2011-2099. Since temperature was projected to increase by about 0.05°C/year, and precipitation to decreases at a rate of 0.2 mm/year, the author concluded that the landslide movement was expected to decrease gradually. The projection of a decelerating landslide behavior was based on climate projections obtained adopting a relatively high emissions scenario; but a significant conclusion of the work was that even if air temperature was predicted to increase by only half as much as projected, movements would still decrease. Comegna et al. (2013) coupled climatic scenarios and geotechnical analysis to predict the future behavior of an active, slow moving earthflow in the Basento River valley, southern Italy. They adopted a complex approach that included (i) the calibration of a model linking weather parameters to the pore pressure regime at depth, (ii) the definition of a relationship between pore-water pressure and landslide movement, and (iii) the assessment of the long-time behavior of the landslide based on available climate scenarios. Historical analysis revealed a negative trend in daily rainfall (−2.4% per decade) and a slightly positive trend in daily temperature (+0.04% per decade). Using the COSMO-CLM regional climate model (RCM, Rockel et al., 2008) to downscale the projections of the CMCC-Med GCM (Scoccimarro et al., 2011) , they simulated the climate in the area for the period 1965-2100, adopting the IPCC 20C3M scenario for the period Fig. 4 . Chart shows temporal distribution and range of studies reviewed in this work that analyzed "paleo landslide evidences". Reference number (Table 1) , year of publication, considered period, Country (shown with two-letter ISO 3166-1 alpha-2 code), morphological settings (MS), and adopted dating method are given for 14 studies. Legend: morphological settings (MS): white, high mountain; brown, mountain; green, hill. Time scale in year BP (Before Present: year before 1950). Time-axis deformed before 4000 BP.
1965-2000, and the IPCC A1B scenario for the period 2000-2100 (Houghton et al., 2001) . They found a projected decrease in precipitation and an increase in temperature, and a consequent reduction in the groundwater level of 8 mm per decade. They further calculated a decrease in the displacement rate of the earthflow in the range 1.5-3.0 mm per decade, leading to a maximum total displacement of 77 to 86 cm in the 51-year period 2010-2060. A relevant conclusion of the study was that the expected climate change did not play a relevant role in the dynamic behavior of the slow landslide in clay, due to the moderate decrease in the amount of annual precipitation and limited effect of temperature increase on evaporation and groundwater level.
Adopting the same simulation chain and global and regional climate models, Rianna et al. (2014) investigated a slow, deep-seated landslide in clay affecting the NE slope of the Orvieto hill, Umbria, central Italy. A 30-year-long monitoring record of the slide was used to establish a link between rainfall and rate of landslide movement (Tommasi et al., 2006) , including a distinct reduction in the rate related to a decreasing trend in the maximum annual 4-month cumulated rainfall. Coupling historical data with high-resolution (up to 8 km) climate projections provided by COSMO-CLM for two IPCC emission scenarios (RCP4.5 and RCP8.5, Meinshausen et al., 2011) , the authors obtained a quantitative estimate of the expected slope displacement until the end of 21st century, and concluded that the predicted local climate changes will be responsible for a significant deceleration of the landslide movement.
A few investigators used the physically-based modelling approach to evaluate the effects of climate change on populations of mainly shallow landslides. Chang and Chiang (2011) determined a worst-case-scenario for shallow landslide occurrence in a mountain catchment of Taiwan in the 21st century. From 21 GCMs, they selected an optimal GCM (CGCM2.3.2, Yukimoto et al., 2006) , and the related monthly precipitation. They downscaled annual 24-h rainfall maxima (considered a good predictor for typhoons), and used it as input for the calculation of the stability conditions of a slope, measured by the factor of safety. They estimated an increase of about 15% in the average annual maximum rainfall from 1960 to 2008 to 2010-2099 and, as a result, a 12% increase in the average total unstable area between the considered periods. Melchiorre and Frattini (2012) coupled a hydrological-stability model to eleven GCM scenarios and Monte Carlo simulations to evaluate changes in slope stability conditions of shallow landslides in central Norway. The GCM data were used to evaluate soil saturation conditions and pressure heads through the hydrological model, and an infinite slope stability model used to compute the factor of safety. They found diverging slope stability results for the future scenarios, and concluded that they could not quantify with certainty whether hillslopes became more or less stable, since the inherent errors in scenario-driven climate projections, and the epistemic uncertainty of the hydrological and slope stability model parameters are larger than the variations induced by climatic change.
GCM projections were also used as input to empirical/statistical models, to analyze single landslides, or populations of landslides. Dixon and Brook (2007) applied downscaled climatic scenarios to empirical/ statistical rainfall thresholds based on 1-month and 6-month cumulated rainfall for a large (1 km long, 300 m large) rotational mudslide in Derbyshire, England. They exploited historical data on landslide activity and the corresponding 1-month and 6-month cumulated rainfall for the period 1961-1990, and three climate scenarios (UKCIPS, Hulme et al., 2002) for 2020, 2050, and 2080, based on the HadCM2 GCM (Johns et al., 1997) . Despite a small reduction in annual rainfall, the authors found a decrease in the return time of the threshold exceedance from 4 years in the observed period to 3.5 years in the forecasting period.
Jakob and Lambert (2009) studied the effects of global warming on the relative frequency of rainfall-induced shallow landslides and debris flows in the south-western coast of British Columbia, Canada. They examined monthly mean rainfall simulations obtained from 19 GCMs, using three IPCC scenarios (B1, A1B, and B2, in ascending order of CO 2 concentration, Houghton et al., 2001) . Employing a statistical technique to relate the short-term change in precipitation to total monthly rainfall changes, they found a 6% increase in the short-term precipitation by the year 2100. Comparing this result with thresholds calibrated on historical data in the period 1963-2007 they suggested an increase in the total number of debris flows of approximately 30% by the end of the 21st century. Jomelli et al. (2009) investigated the impact of future climate change on the geographical and temporal occurrence of debris flows in the Massif des Ecrins, in the French Alps. They used downscaled rainfall and temperature data obtained from three simulations of the ARPEGE GCM (Déqué et al., 1994) , under the A2 IPPC scenario (Houghton et al., 2001) , for the 30-year future period 2070-2099. The projections showed a decrease in the number of intense rainfall events and an increase in temperature, compared to the calibration period 1970-1999. Given the decrease in the number of intense rainfall events, the authors estimated a 30% reduction in the temporal occurrence of debris flows, and given the increase in temperature, they estimated a shift of the 0°C isotherm to a higher elevation, which was expected to result in a 20% reduction in the number of slopes affected by shallow slope instabilities, and a shift in the elevation of the areas susceptible to debris flow initiation. Turkington et al. (2016) predicted trends in debris flows activity, measured by the number of days with debris flows, for the period 2010-2099, in the Barcelonnette valley, France, and the Fella catchment, Italy, under the RCP4.5 and RCP8.5 scenarios. For their experiment, they used a probabilistic approach to determine a dependence between rainfall events and debris flow occurrence (Turkington et al., 2014) , and bias-corrected climate projections of two meteorological proxies i.e., daily rainfall from 1950 to 2009, and Convective Available Potential Energy (CAPE) from 1979 and 2011. Using an ensemble of 32 climate scenarios (from 3 RCMs and up to 6 GCMs, Jacob et al., 2014) for the rainfall proxy, and eight climate scenarios (from 4 GCMs, Taylor et al., 2011) for the CAPE proxy, they found an increase of up to 6% per decade in the number of days with debris flows towards the end of 21st century, in both study areas, and acknowledged that their projections depended strongly on the proxy used, and to a lesser extent to the GCM, RCM, and the RCP scenarios.
Lastly, Ciabatta et al. (2016) investigated the impact of climate change on landslide occurrence in Umbria, central Italy, using GCM projections applied to an existing regional landslide early warning system (Ponziani et al., 2012) . First, they assessed the performance of the system using a catalogue of 235 shallow landslides in Umbria from 1990 to 2013. Next, they exploited hourly rainfall and temperature records obtained from downscaled outputs of five GCMs for a baseline period (1990-2013, under the historical scenario, Meinshausen et al., 2011) and for two future 30-year periods , under the RCP8.5 scenario, Riahi et al., 2011) as input to their landslide early warning system. They found an increase of N40% in landslide occurrence in Umbria, mainly in winter. In the cold/wet season the increase in the number of landslide events is due to an increase in rainfall amounts and a small decrease in soil moisture. Conversely, in the warm/dry season a strong decrease in soil moisture and a sensible increase in rainfall intensity do not produce a change in landslide occurrence. A significant conclusion was that the modelling results depended largely on the selection of the GCMs, the downscaling methods, the weather generators used to downscale daily rainfall and temperature data to obtain hourly time series.
Analysis of landslides and climate records
A number of investigators have analyzed historical records of landslide occurrences, and have attempted to compare them to meteorological and climatic variables, chiefly rainfall and temperature. The majority of the works focus on debris flows, shallow landslides and rock falls in mountain environments, and cover periods in the range from mid-19th century to the present (Fig. 3 , Table 1 ). Most of the studies were conducted in the mountains of Europe (32), and particularly in the French (9), Italian (7), and Swiss (4) Alps. Studies were also conducted in North (4) and South (2) America, and in New Zealand (2) (Fig. 2 ). The fact that the studies are more abundant in mountain areas should not be surprising. Mountains are "sentinels of changes" and respond more promptly and effectively than other geographical environments to changes in climate (Beniston, 2003) . Overall, the studies reveal a large range of influences and consequences of climate change on landslides, including contradictory, uncertain and undetermined effects (Flageollet et al., 1999; Jomelli et al., 2004; Stoffel et al., 2005; Stoffel and Huggel, 2012) . Rebetez et al. (1997) were first to analyze debris flow occurrences in the 30-year period 1966-1994 in the Ritigraben region, Swiss Alps, and climate factors, as intense and/or prolonged rainfall and snowmelt. They found a general increase in temperature and in the number of rainfall events capable of triggering debris flows in the examined period. Similar trends were observed for the 20th century in Switzerland. A drawback of this pioneering work was the short span of the investigated period, which limited the significance of the results. Working in the nearby Barcelonnette basin, SE France, and studying different landslide types, Flageollet et al. (1999) used monthly rainfall data in the 42-year period 1954-1995 to search for relationships linking climate variables to landslide activations. No significant relationship was found, and the authors concluded that the type of landslide, the season of occurrence, and the initial state of the landslides were key factors that affected the search for possible relationships. They also concluded that the inherent complexity of the landslide phenomena made it difficult to define "universal laws" to link landslides to climate variations.
A number of investigators have examined the effects of air temperature on debris flows and rock falls, chiefly in the European Alps, and found an increase in landslide activity related to an increase in air temperature Deline, 2011, 2015; Stoffel and Beniston, 2006; Paranunzio et al., 2016) . Jomelli et al. (2004) examined the occurrence of 319 debris flows in the 51-year period 1950-2000 in the Dévoluy and Ecrins massifs, and observed a reduction in the number of debris flows in the Dévoluy massif, and a shift towards higher elevations of the debris flows source areas in the Massif des Ecrins. The variations were attributed to a decrease in the number of freezing days caused by an increase in air temperature, which affects and decelerates the process of debris accumulation necessary to initiate new debris flows. Chiarle et al. (2007) studied the triggering conditions of 17 glacier-related debris flows in the Italian, French and Swiss Alps, between 1980 and 2007, and found an increase in the frequency of the events near the glacier margins, compared to an older historical investigation (Dutto and Mortara, 1992) , which they explained with the formation of moraine-dammed lakes; a consequence of glacier retreats in the 20th century due to increasing air temperature. Huggel et al. (2012 Huggel et al. ( , 2013 compared the activity of rock & ice avalanches, ice avalanches, and debris flows in the Monte Rosa massif in the Italian Alps with a record of air temperature, and found that between the end of the 1980s and the early 1990s some of the failures occurred after a significant increase in local air temperature. They also observed that the large rock failures produced significant changes in the local geo-morphological setting that influenced the subsequent failures. A significant conclusion was that in the study area slope instability conditions were favored initially by climate drivers (i.e., variations in the air temperature), and subsequently developed independently of any additional climate forcing.
To verify the hypothesis that changes in air temperature were responsible for the increase in rock slope instability, Paranunzio et al. (2016) analyzed 41 rock falls at high elevations in the Italian Alps from 1997 to 2013 without any clear or known rainfall, seismic, or human-induced trigger. Using a statistical method for the analysis of landslide occurrences in relation to climate anomalies (Paranunzio et al., 2015) , they studied daily air temperature in the period before the rock falls, and found that most of the failures were associated to a temperature anomaly. A short-term temperature anomaly was identified for 30 rock falls (73.2%), of which 12 cases (29.3%) were also associated to a long-term temperature anomaly. The authors concluded that, at high elevation and in absence of a clear rainfall trigger, temperature and its variations are key factors for rock fall occurrence in the Italian Alps, and that the impact of global warming on the instability of rock slopes was more evident above 3300 m of elevation where permafrost conditions predominate. However, it should be noted that the relationship between rock slope instabilities and temperature anomalies is difficult to prove . In many cases, the temperature at the time of failure is inferred from measurements taken by stations located at elevations and in topographic settings distant and different from those of the landslide failure zones. This jeopardizes any interpretation.
Other investigators have searched relationships linking temporal variations in rainfall amounts to changes in landslide occurrence. Polemio and Petrucci (2010) , working in Calabria, southern Italy, found that antecedent rainfall in the month before a landslide event played a key role to initiate rainfall-induced landslides, whereas the role of temperature was negligible. They also observed that despite a decrease in the monthly rainfall in the 20th century, landslide occurrence has not decreased significantly in the same period in their study area. They explained the finding with incompleteness of the earlier part of the landslide catalogue, and with an amplification of the landslide damage due to the increased number of vulnerable elements in the last part of the 20th century. Using the same landslide information and daily rainfall records obtained by 318 rain gauges in Calabria, Gariano et al. (2015a) studied variations in the temporal and geographical variations of rainfall-induced landslides and their impact on the population in the 90-year period 1921-2010. They found that the geographical and the temporal distributions (chiefly the monthly distribution) of landslides changed in the observation period, and that less cumulated event rainfall was necessary to trigger landslides in the recent period 1981-2010 than in the preceding period 1951-1980. The change was attributed to an increased susceptibility to landslides of the territory. Polemio and Lonigro (2015) , working in the nearby Puglia region, southern Italy, analyzed monthly rainfall and temperature records, and annual maxima of hourly and daily rainfall measurements, to conclude that the climate variations did not justify the observed increase in landslide (and flood) events between 1918 and 2006.
A few authors have identified seasonal variations in landslide occurrence, which may reveal the influence of a changing climate. Stoffel et al. (2014) analyzed changes in frequency, seasonal distribution, and number of shallow landslides in the Alps, in the 52-year period 1960-2011. They found that, before 2002, the scenario was dominated by shallow landslides triggered by prolonged and locally extreme autumn rainfall events, and after 2002 landslides occurred more frequently in the early spring triggered by moderate rainfall, and autumn events triggered few landslides. The observed variations, more evident in decade 2001-2011, were explained with a change in the seasonal distribution of the precipitation that changed from a bimodal distribution with maxima in the spring and summer, to a unimodal distribution, with increases in winter precipitation and in dry conditions in the spring and summer. The authors also related the observed changes in landslide activity to terrain elevation, and concluded that above 1500 m of elevation the projected decrease in snowpack depth and duration during future winters and springs will affect the frequency and seasonality of landslides. Variations in the seasonal distribution of landslides were also identified in Umbria, central Italy, by Salvati et al. (2006) who explored a catalogue of historical landslide (and flood) events covering the period 1139-2001, and found that before 1900 landslides were most abundant in October and November, and to a lesser extent in March, whereas after 1900 they were more evenly distributed throughout the year, with a maximum in February and a second maximum in December.
Analysis of landslide paleo-evidences
A few investigators have used "paleo-evidences" to study possible relationships between long-term climate changes and the temporal distribution of landslides (Borgatti and Soldati, 2010, and references therein) . Works focused primarily in Europe (14) (Innes, 1983 (Innes, , 1985 (Innes, , 1997 González Díez et al., 1996; Lateltin et al., 1997; Matthews et al., 1997; Margielewski, 1998; Schmidt and Dikau, 2004; Soldati et al., 2004 Soldati et al., , 2006 Stoffel and Beniston, 2006; Francani and Gattinoni, 2009; Matthews et al., 2009; Borgatti and Soldati, 2010) , and in America (Bovis and Jones, 1992; Cruden, 1999; Trauth et al., 2000 Trauth et al., , 2003 Holm et al., 2004) , but studies exist also in Asia (Yin et al., 2014; Sewell et al., 2014) , Africa (Thomas, 1999) and Oceania (Crozier, 1997) Table 1 ). The investigated periods are significantly longer (and older) that the periods covered by the recent and historical investigations covered in Section 2.2, and span the age range from the late Quaternary, through the Last Glacial Maximum, to the 20th century ( Fig. 4) . Various techniques are used to date the landslides (Lang et al., 1999) , including dendrochronology (Bovis and Jones, 1992; Lateltin et al., 1997; Paolini et al., 2005; Stoffel et al., 2005; Stoffel and Beniston, 2006; Corominas and Moya, 2000; Stoffel et al., 2010 Stoffel et al., , 2011 to cite a few), radiocarbon dating (Margielewski, 1998; Trauth et al., 2000; Soldati et al., 2004; Matthews et al., 2009; Borgatti and Soldati, 2010) , lichenometry (Innes, 1983 (Innes, , 1985 , stratigraphic (Schmidt and Dikau, 2004; Borgatti and Soldati, 2010) , and sedimentological analysis, and pollen metric (González Díez et al., 1996) , or geomorphological and morphometrical analyses (Bovis and Jones, 1992; Holm et al., 2004; Yin et al., 2014) . Past landslide occurrences were also used as climate proxies Eden and Page, 1998; Dikau and Schrott, 1999; De Blasio, 2010) .
Not surprisingly given the geographical breath and temporal span of the studies, the investigations of paleo-landslide evidences provide contrasting results. Innes (1983) used lichenometry to date debris flow deposits in Scotland, and found that the observed increase in debris flow activity in the previous 500 years was not the result of climate variations, but was caused by human activities (i.e., burning and overgrazing) in the 19th and 20th centuries. The same author, working in SW Norway, did not find indications of the climate change effects or human actions on debris flow activity, in the previous 500 years (Innes, 1985) . Bovis and Jones (1992) used dendrochronological data and stratigraphic records to show that movements of large earthflows in British Columbia, Canada, from 1950 to 1980, responded to Holocene climatic variations.
Using luminescence and radiocarbon analysis, Sewell et al. (2015) dated five debris flow fan complexes in Lantau Island, Hong Kong, and identified six main periods of accumulation ( Fig. 4 ). These periods of increased landslide activity and sediment transport were attributed to an intensification of the East Asian monsoon during the early to middle Holocene. Also using radiocarbon dating, Trauth et al. (2000) identified two temporal clusters of landslides in NW Argentina between 35,000 and 25,000 BP and after 5000 BP (Fig. 4) , corresponding to the Minchin and Titicaca wet periods when the El Niño Southern Oscillation (ENSO) was active. The authors attributed the increase in the inter-annual variability of landslide occurrence to climatic variations. Soldati et al. (2004) and Borgatti and Soldati (2010) studied the relationships between climate change and hill slope evolution in different areas in Europe, including the Dolomites and the Eastern Alps, from about 11,000 BP (Last Glacial) to 2100 BP. Analyzing paleo-landslide records obtained from stratigraphy and radiocarbon dating, they recognized two periods of enhanced landslide activity; an earlier period at the Late-glacial-Holocene transition, from about 11,000 to about 8500 year BP, and a later period in the Upper Holocene, from about 5500 to about 2500 year BP. The higher landslide activity was attributed, for the earlier period to an increase in temperature and permafrost melting at high elevations, and for the latter period to human action (mainly deforestation) and to an increase in precipitation. The two periods of enhanced slope instability correlate well with indicators of cold and humid climate, suggesting that a positive moisture balance played a major role on landslide activity. Schmidt and Dikau (2004) modelled landscape sensitivity to climate change for groundwater-controlled deep-seated landslides in three hill slopes of the Rhine valley near Bonn, Germany, using monthly and daily meteorological records and paleo data obtained from archive proxies for seasonal temperature and rainfall from 1500 to 2000. The results revealed considerable variations in the sensitivity of the landscape to slope instability in relation to different climate scenarios. A relevant conclusion of the work was that, in the study area, the local geomorphological and lithological settings were more relevant than the changes in climate to control the landscape sensitivity to deep-seated landslides, which we take as a proxy for susceptibility.
Influence of climate on slope stability and landslide hazard
The influence of climate and its variations on landslides can be classified broadly as: (i) local or regional (or global), (ii) of short-or longterm impact, and (iii) direct or indirect. For four climate variables known to affect landslides (i.e., total rainfall, rainfall intensity, air temperature, weather system), Fig. 5 summarizes the known or expected impact (local or regional, short-term or long term, direct or indirect) of climate change on different landslide types. Fig. 6 geographical and temporal ranges of six landslide types (rock falls, ice falls, debris flows, earth flows, mud flows, rock slides) and three climate variables (air temperature, total rainfall, rainfall intensity) known to affect slope stability and landslides (Crozier, 2010) . We find that climate and landslides (areas and lines in Fig. 6 ) operate on different and only partially overlapping scales. Local impacts influence a single slope, a portion of a slope, an individual landslide, or a small catchment (Buma and Dehn, 1998; Collison et al., 2000; Malet et al., 2005; Tommasi et al., 2006; Dixon and Brook, 2007; Tacher and Bonnard, 2007; Jomelli et al., 2009; Chang and Chiang, 2011; Moore et al., 2010; Coe, 2012; Comegna et al., 2013; Rianna et al., 2014; Zollo et al., 2014) . Regional influences affect landslide occurrence in areas ranging from a few hundreds to several thousands of square kilometers i.e., a province (Rebetez et al., 1997; Jomelli et al., 2004; Malet et al., 2007; Guthrie et al., 2010; Jakob and Lambert, 2009; Polemio and Petrucci, 2010; Lonigro, 2013, 2015; Gassner et al., 2015; Gariano et al., 2015a; Kim et al., 2015; Ciabatta et al., 2016) , a state or country, or a broad geographical or physiographical region (Sidle and Dhakal, 2002; Schmidt and Glade, 2003; Nadim et al., 2006; Chiarle et al., 2007; Hultén et al., 2007; Winter et al., 2010; Huggel et al., 2012; Stoffel et al., 2014; Winter and Shearer, 2015; Paranunzio et al., 2016 ). The regional impact of climate change was also ascertained for engineered slopes. Loveridge and Spink (2010) , working in England, highlighted that clay slopes will be at greater risk in the future from increased-magnitude seasonal cycles of moisture changes, leading potentially to loss of roads and railways serviceability e.g., due to track settlement, and greater rates of strain softening. Clarke and Smethurst (2010) , also working in England, showed that in volume-sensitive clays climate change leads to more pronounced differences between the cycles of winter soil wetting and summer drying, which cause shrink and swell displacements and damage to engineered slopes. Short-term climate effects influence landslides in periods ranging from a few years to one or two centuries, whereas long-term effects cover longer periods in the range from a few centuries (Schmidt and Dikau, 2004) to several thousands of years (Trauth et al., 2000; Borgatti and Soldati, 2010; Yin et al., 2014) . Direct climate impacts influence parameters that directly control landslide occurrence, like a change in rainfall regime that influences the amount of rainfall that can result in landslides (Chiarle et al., 2007; Guzzetti et al., 2007 Guzzetti et al., , 2008 Jakob and Lambert, 2009; Stoffel et al., 2014) . Indirect climate effects influence environmental and landscape conditions that, in turn, affect landslides. As an example, a change in rainfall regime can alter land cover types and land use, which have consequences both on single slope stability conditions, and on the type, abundance and frequency of landslides (Sidle and Dhakal, 2002; Glade, 2003; Smith and Glade, 2003; Sidle and Ochiai, 2006; Wasowski et al., 2010) .
Climate change also affects the human impact on natural landscapes and socio-economic environments, and this in turn has direct and indirect consequences on slope stability and landslides. As an example, variations in climate may affect directly through meteorological drivers, or indirectly through economical and societal drivers, agricultural and forest practices over very large areas. This is expected to have consequences both at the local scale (i.e., on single slopes or landslides) and at the regional scale on the type, abundance and frequency of landslides. Imaizumi et al. (2008) analyzed the effects of forest age and forest harvesting on the frequency of landslides and debris flows in a catchment in central Japan between 1964 and 2003. They found that trends of new landslides and debris flows corresponded to changes in slope stability explained by root strength decay and recovery.
At the slope (local) scale, the landslide response to climate change varies depending on landslide type and size (depth D Lin particular, area A L , volume V L ), and on the initial or current stability conditions of the slopes (Schmidt and Glade, 2003; Glade and Crozier, 2005; Crozier, 2010) . For stable slopes, climate variations are expected to influence primarily the landslide preparatory factors (e.g., antecedent rainfall, weathering, land cover, forestation, deforestation), bringing the slopes to marginally stable conditions. For slopes that are already in marginally stable or in critical conditions, climate variations are expected to affect primarily the landslide triggers (e.g., precipitation, water table rise, fractures induced by changes in temperature). We expect the slope response to be different for first-time, shallow failures compared to the reactivation of active, large, deep-seated landslides (Crozier, 2010) . This is because small shallow landslides are controlled by rainfall peaks or maxima and by rainfall intensity at short durations, whereas large deep-seated landslides are affected chiefly by monthly and/or seasonal rainfall, and the related groundwater variations (e.g., the position of the water table in the slope) (Sidle and Ochiai, 2006; Crozier, 2010; Dijkstra and Dixon, 2010) .
Inspection of the literature revealed that variations in rainfall totals influence mostly rock slides, mud flows and earth flows, at both the local and the regional scale, whereas variations in rainfall intensity affect, mostly directly, rock falls and debris flows/avalanches, in the short-term and at the local scale (Fig. 5) . Changes in the air temperature influence directly ice falls and avalanches, and have and indirect impact on rock falls (due to the formation and opening of fractures), and on deep-seated landslides (due to changes in the hydrological cycle) (Fig. 5) .
Variations in the weather systems are expected to affect indirectly all landslide types, with regional, long-term effects (Fig. 5) . Wood et al. (2016) used an inventory of 2966 landslides in the French and Swiss Alps (described in Wood et al., 2015) and Monte Carlo simulations to study the influence of synoptic weather systems on landslides. They found that landslides were triggered by high precipitation regardless of the type of weather system, but with seasonal variations. Westerly weather patterns resulted in more landslides from autumn to spring, Temporal scale (s) 10 0 10 2 10 4 10 6 10 8
Landslide volume, VL (m 3 ) 10 -3 10 -2 10 -1 10 0 10 1 10 2 6 . Schematic representation of the geographical and temporal ranges of variation (on logarithmic axes) of six landslide types (RF, rock fall/avalanche; IF, ice fall/avalanche; DB, debris flow; EF, earth flow; MD, mud flow; RS, rock slide), and three climate variables (air temperature, total rainfall, rainfall intensity). Scale for landslide time (y-axes) shows timeframe over which landslides activate and evolve. Scale for landslide volume obtained using the relationship V L = 0.0074·A L 1.450 ). and southern patterns were responsible for more landslides in the summer.
To investigate further the difference between the local and the regional influences of climate change and its variations on landslides, we consider that the local climate influences affect primarily the stability conditions of single slopes or portions of a slope, whereas the regional influences affect landslide hazard over broad areas.
Changes in the stability of individual slopes
At the local scale, the stability conditions of a slope can be ascertained computing the factor of safety, FS which expresses the ratio between the local resisting (R) and driving (D) forces i.e.,
where: c is the cohesion of the slope material, γ s is the soil unit weight, γ w is the groundwater unit weight, φ is internal friction angle, ψ is the pressure headgoverned by Richards (1931) , and the slope fails (Taylor, 1948) . In Eq. (1), except for γ w , all the variables that contribute to the resisting and the driving forces can be affected by changes in the triggering (short-term) or the predisposing (long-term) factors, which can be caused or influenced by climate change (Sidle and Ochiai, 2006) . Crozier (2010) considered six climate-related factors and discussed their effects and interactions in controlling the local stability conditions, including: (i) precipitation totals, (ii) rainfall intensity, (iii) air temperature, (iv) wind speed and duration, (v) changes in the weather systems and the related (vi) meteorological variability. Table 2 summarizes the known or expected effects of climate change on landslides, and reveals the complexity of the links and feedbacks between the main factors altered by climate change, and their known, expected or inferred effects on landslides.
An increase in the total precipitation is expected to result in wetter antecedent conditions, which can have multiple negative consequences on slope instability, including (i) less rain required to reach a critical level that can cause a slope to fail, and (ii) higher water table contributing to the reduction of shear strength, to the reduction in soil suction and cohesion, and to an increase in the weight (wet density) of the slope materials, all working to enhance the slope instability (Tacher and Bonnard, 2007) . Conversely, a reduction in total precipitation will typically result in more stable conditions. Dryer antecedent conditions will require more rain to attain unstable conditions, and will keep the water table low, contributing to increase shear strength, soil suction and cohesion.
More abundant precipitation will result in increased river discharge that, in turn can result in increased erosion of the river banks, contributing to the removal of basal slope support and to increasing river bank instability. The instability of the river banks may propagate upslope or laterally, initiating new landslides or reactivating old, dormant landslides. River discharge has also effects on lakes and their shores. A higher discharge may result in higher lake levels and higher coastal water tables that, depending on the local conditions, may have contrasting effects, contributing to slope stability or instability. Where higher river discharge and higher water levels have seasonal components, they are expected to result in larger drawdown events, with enhanced drag forces that contribute to the instability of the coastal slopes (Pinyol et al., 2008; Barton, 2015) .
An increase in rainfall intensity may result in higher infiltration (where the soil and bedrock allow it) and in an increased subsurface drainage and through flow, which will contribute to the build-up and to maintain perched water tables, the reduction of effective normal stresses and the shear strength, again contributing to slope instability. High rainfall rates are associated to soil piping (Jones, 2010) , which is known to be related to soil erosion (Verachtert et al., 2011) and landslides (Uchida et al., 2001) . Increased rainfall intensity may increase surface runoff (overland flow) and the related surface erosion processes, which in turn may facilitate debris flow initiation and enlargement (Hungr et al., 2005; Iverson et al., 2011) . Conversely, a reduction in rainfall intensity lowers infiltration of water into the ground and reduces surface runoff, preventing excessive overland flow from entering cracks in the soil around the heads of landslides, and thus favouring stable conditions. An increase in rainfall intensity may also result in a change in the type of slope failures, with shallow failures (i.e., soil slips, debris flows, soil slides, rock falls) becoming more abundant (Chang and Chiang, 2011; Saez et al., 2013; Turkington et al., 2016) and deepseated landslides becoming less active and less abundant in response to a higher rainfall rate (Comegna et al., 2013; Rianna et al., 2014) . Changes in rainfall intensity will require a re-evaluation of engineered slopes (Loveridge and Spink, 2010) . Where rainfall intensity increases, the critical value of permeability increases, and the conditions of slopes at risk may change. Surface and sub-surface drainage systems designed for lower rainfall intensities may prove insufficient, and the excess water may take undesired and potentially dangerous paths, contributing in various ways to slope instability (e.g., surface and subsurface erosion, build-up of the water table, piping).
The increase in air temperature can have contrasting consequences on slope stability. A higher air temperature will expand evapotranspiration on vegetated slopes (Senatore et al., 2011) , producing positive effects on slope stability though a reduction of the antecedent water conditions (Collison et al., 2000; Comegna et al., 2013) . Because of the increased evapotranspiration, a larger amount of rainfall is required to attain unstable conditions. Where snow fall occurs, a higher air temperature will favor snowmelt, and particularly rapid snowmelt (Cardinali et al., 2000) , contributing to increasing surface runoff (that can foster soil erosion) and infiltration of water into the ground, to the build-up of pore water pressure, and to the reduction of the shear strength of the materials in the slopes. A warmer climate may increase the likelihood of rain-on-snow events (Guthrie et al., 2010) , an often neglected component of hydrological slope-stability analysis. Harr (1981) , working in western Oregon, USA, showed that 85% of all slope failures between 1958 and 1977 were related to rain-on-snow events, and that rain-on-snow produced a more rapid hydrological response of the watersheds. Guthrie et al. (2010) analyzed 626 debris flows in Vancouver Island, British Columbia, in the winter 2006-2007 and found that half of the debris flows were caused by rain-on-snow events.
In mountain regions and at high elevations, an increase in air temperature may result in the thawing of permafrost and in the reduction of interstitial ice in the rocks, which may result in a reduction in the shear strength of soil and rock masses, and of ice-filled rock discontinuities, at shallow depth, increasing the frequency of rock slope failures (Huggel et al., 2010 Stoffel et al., 2014; Chiarle et al., 2015; Ravanel and Deline, 2015; Paranunzio et al., 2016) . Permafrost thaw in talus slopes may increase the frequency and magnitude of debris flows (Rist and Phillips, 2005) . Glacier retreat due to increasing temperature may also result in more slope failures, since slopes are steepened or unloaded (Evans and Clague, 1994; Chiarle et al., 2007; Stoffel and Huggel, 2012) . In places, a higher air temperature may also stimulate the grow of vegetation, which contributes to slope stability through the protection effects of trees and shrubs on precipitation, chiefly intense rainfall (Glade, 2003; Sidle and Ochiai, 2006) , increased evapotranspiration, a reduced rate of infiltration, and a higher cohesion due to the strengthening effects of the roots in the ground (Sidle and Ochiai, 2006; Wu, 2013) .
Changes in temperature and precipitation regimes may produce more frequent freezing-thawing or wetting-drying cycles, which may induce greater dry ravel and dry creep on steep, disturbed or partially vegetated hill slopes. Conversely, fewer cycles may reduce dry ravel and dry creep (Sidle and Ochiai, 2006; Imaizumi et al., 2015) .
A change of speed and duration of wind may alter evapotranspiration and consequently soil moisture, thus affecting slope stability (Crozier, 2010) . Increasing wind speed may increase the root levering by trees, resulting in cracks, loosening and dislodging rock blocks, favouring the initiation of rock falls and shallow debris landslides (Sidle and Ochiai, 2006) . Wind has local effects of precipitation rates and snow melt. Guthrie et al. (2010) showed that wind caused increased concentrations of rainfall associated to landslide occurrence, and had an effect on snow-melting, substantially increasing the rate of melt in exposed (e.g., clear-cut) areas in Vancouver Island. Along the high costs of oceans, seas and large lakes, increasing wind speed and duration may change the characteristics of the waves in the water bodies (i.e., their height, length, frequency), contributing to augmenting the impact and the frequency of the damaging events (Katz and Mushkin, 2013 ). This will result in an increased instability of the costal slopes and in an acceleration of coastal landsliding (Barton, 2015) .
Weather systems are expected to change in response to climate change, with wide-ranging impacts from the local to the continental scales (IPCC, 2014; Hatzianastassiou et al., 2016a Hatzianastassiou et al., , 2016b , and references therein). This may have contrasting effects on landslides (Crozier, 2010; Wood et al., 2016) . Geographical areas previously unaffected by meteorological conditions prone to landslides (e.g., characterized by prolonged or intense rainfall, rapid snowmelt) may be altered, and they will have to respond and adjust to the new weather and meteorological conditions. In many areas, this may lead to more abundant and more frequent landslides. Contrariwise, areas where the meteorological conditions will become less prone to landslides may shift towards more stable slope conditions, and to experience less landslides.
Changes in landslide hazard
At the regional scale, we discuss the impact of climate and its variation on the distribution, abundance, frequency, and types of landslides, considering the influence of climate on landslide hazard. In a broad sense, ascertaining landslide hazard requires the joint assessment (or prediction) of "where" landslides will occur, "when" or how frequently they will occur, and "how large" or destructive they will be. Here, we use a probabilistic model for landslide hazard assessment (Guzzetti et al., 2005a) , in which landslide hazard H L is given by the joint probability of landslide size p(A L ), of landslide occurrence in a given period p(N L ), and of landslide spatial occurrence, S. The later (S) is known in the literature as landslide susceptibility (Guzzetti, 2006) . In mathematical terms (Guzzetti et al., 2005a) ,
We now treat separately the possible effects of climate and its variations on the three components of landslide hazard H L , given in Eq. (2).
Changes in the probability of landslide size
For the probability of landslide area, p(A L ) (Malamud et al., 2004) , the information available indicates that the statistics (frequency, probability) of landslide area is not expected to vary significantly in a multidecadal period (Guzzetti et al., 2005a Galli et al., 2008) . The expectation holds if the mechanical properties of the slope materials (and particularly cohesion) do not change in the considered period. Stark and Guzzetti (2009) have shown that the probability density function (pdf) of landslide area depends on the mechanical properties (i.e., cohesion, friction angle) of the slope materials. Thus, a change in the properties of the materials is expected to modify the shape of the p(A L ), affecting the size of landslides that initiate. Brunetti et al. (2009) have argued that the type of failures conditions the pdf of landslide volume p(V L ), which is known to be related to p(A L ) Larsen and Montgomery, 2012) . At this stage, no clear evidence exists on the amount of the possible changes in landslide hazard due to variations in the probability of landslide size. In some areas, human actions may also affect the statistics of landslide sizes (Van Den Eeckhaut et al., 2007) , further complicating the evaluation of the climate-driven effects on the size component of landslide hazard.
Changes in the temporal probability of landslide occurrence
Investigating the temporal probability of landslides is a difficult and uncertain task (Crovelli, 2000; Coe et al., 2000; Rossi et al., 2010; Witt et al., 2010) . Landslide frequency depends largely on the frequency of the triggers, including seismic, climatic/meteorological, and humaninduced triggers, which are not simple (or are impossible) to determine. We maintain that in most areas, the frequency of seismic triggers will not change in the period considered by climate change modelling (i.e., decades to a century). However, the frequency of landslide events may change where large earthquakes occur. Lin et al. (2006) have shown that in Taiwan, after the 21 September 1999, Ms. 7.3 Chi-Chi earthquake, the rainfall conditions necessary for triggering landslides were less severe than before the earthquake. Forest fires are also expected to change the frequency of subsequent landslide events in the burnt areas. Cannon et al. (2001 Cannon et al. ( , 2011 and Moody et al. (2013) have shown that the rainfall amounts necessary to initiate shallow landslides in an area decrease after a wildfire, and that the effect is transient. Other natural hazards, including volcanic eruptions and the related seismic activity may also alter the frequency of landslides locally, and transiently.
Meteorological conditions will change in response to climate change (IPCC, 2014), with different and contrasting effects on landslide hazard. Domroes and Schaefer (2008) studied the occurrences of rainstorms from 1976 to 2000 in eastern China, a region controlled by a monsoon-type climate, and found an increasing trend of rainstorm occurrences related to an increase of mean annual and summer cumulated rainfall, particularly in the southern, subtropical part of the study area. Caloiero et al. (2008) studied the monthly frequency of short-duration rainfall events in Calabria, southern Italy, in the two periods 1921-1960 and 1961-2000 , and found the events more frequent in November in the old period 1921-1960 and in October in the recent period, with a possible impact on the frequency of the landslide events, as found by Vennari et al. (2014) and Gariano et al. (2015a) . Brunetti et al. (2012) examined variations in the cumulated annual rainfall in the same study area, from 1916 to 2006 and observed a marked decrease in the cumulated annual rainfall, particularly on the east side of the region linked to a general negative trend in the monthly total precipitation in the autumn-winter period. The changes may have an impact on the frequency of the landslide events. In Calabria, the temporal distribution of rainfall-induced landslides changed from 1921 to 2010. In the most recent period 1980-2010, landslides occurred mainly in winter and were triggered, on average, by a cumulated event rainfall lower than in the immediately preceding period 1951 -1980 (Gariano et al., 2015a . Huggel et al. (2012) and Stoffel et al. (2014) showed that the frequency of occurrence of landslides has changed in the Alps, and Stoffel et al. (2014) outlined a change in the annual distribution of landslides (with more events in the early spring and fewer events in the autumn), and in the related triggering rainfall conditions (with landslides triggered chiefly by moderate rainfall events).
Changes in the spatial probability of landslide occurrence
For landslide hazard modelling, the landslide spatial occurrence S, is typically considered "invariant" (Guzzetti et al., 1999; Guzzetti et al., 2005a) . As such, susceptibility should not be affected by climate variations. However, susceptibility depends on multiple local and regional terrain and environmental conditions, some of which are not expected to change in the time frame of a typical hazard assessment (i.e., a few to several decades) in response to climate drivers (e.g., topography, morphology, hydrology and lithology), whereas other factors (e.g., land use, land cover) are known or predicted to change in the same time frame (Falcucci et al., 2007; Santini and Valentini, 2011) , as a direct or indirect effect of climate changes.
The idea that landslide susceptibility is "invariant" in time, at least in the range useful to hazard assessment (i.e., from decades to centuries) was challenged recently. Reichenbach et al. (2014) , working in NE Sicily, southern Italy, found that landslide susceptibility had changed from 1954 to 2009 in response to land cover variations. Similar findings were obtained by Imaizumi et al. (2008) . Samia et al. (2016) , working in Umbria, central Italy, identified a short-term legacy (hereditary) effect of existing landslides on new landslides, with exiting landslides causing a greater susceptibility for follow-up landslides over a period of about ten years. Where (or if) susceptibility changes irrespectively of external drivers e.g., as a result of a landslide legacy effect, the evaluation of the climate-driven impact on susceptibility becomes even more complicated, and uncertain.
Additional hazard considerations
The definition of landslide hazard given in Eq.
(2) assumes that the probabilities of landslide size, of temporal occurrence, and of spatial occurrence of landslides are independent (Guzzetti et al., 2005a) . The legitimacy of this approach is difficult to prove in a landscape subject to a changing climate. The little available information suggests that the probability of landslide area p(A L ) is as a first-approximation independent from the local physiographical setting (Malamud et al., 2004; Guzzetti et al., 2008) , and from the rate of the events. Thus, we can expect that p(A L ) is independent from susceptibility, S and from p(N L ), in the time-frame of a climate projection (e.g., a century). Susceptibility models are typically constructed without considering the driving forces (e.g., meteorological, seismic) that control the rate of landslide occurrence. As a result, S is considered independent from the rate of the triggers.
Discussion
We focus the discussion on three main topics i.e., (i) advantages and limitations of the different approaches adopted in the literature to evaluate the effects of climate and its variations on landslides, including modelling problems related to the exploitation of GCMs and their climate projections for landslide-climate studies, (ii) expected changes in landslide activity, abundance and type in response to the projected climate changes, and on (iii) recommendations for the design and adoption of landslide adaptation and risk reduction strategies in the framework of a warming climate.
Future Climate Projections
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Advantages and drawbacks of existing approaches
The different approaches used to evaluate the past, present, and future impacts of climate and its variations on landslides have inherent advantages and significant limitations that should be considered.
Evaluation of slope stability conditions using downscaled climate projections
Using climate projections obtained from downscaled GCMs for the evaluation of the future stability conditions of single slopes or landslides, or of large geographical areas or regional landscapes, relays on a modelling framework that consists of a climate and a slope stability component (Fig. 7) . The climate component (Fig. 7A ) exploits a chain of models to produce outputs from downscaled GCMs suited for landslide modelling, which represent the transient input for the slope stability modelling component (Fig. 7B) . The prime advantage of using downscaled GCM outputs for slope stability modelling lays in the possibility of using the synthetic climate records of rainfall (and temperature) produced by the downscaled GCMs into existing and consolidated slope stability engineering, geomorphological, and hydrological modelling frameworks, and their associated software tools. Where synthetic rainfall and temperature records are available for the past (for calibration) and the future (for projections), it is straightforwardalbeit often time-consuming and computationally intensiveto evaluate the effects of the climate variables on the slopes under investigation, and to construct scenarios that provide information on the expected/ projected trend of the stability conditions.
For single slopes or landslides, the future average rate of movement, and the total displacement in a period can be predicted (Comegna et al., 2013; Rianna et al., 2014) , allowing to determine if a landslide is expected to accelerate or decelerate, depending on the considered climate scenarios. In the case of populations of landslides, or multiple slopes in a catchment or landscape, a regional approach is required, and the downscaled climate variables are used as input to physically-based distributed models (Chang and Chiang, 2011) , spatially distributed hydrological models (Ciabatta et al., 2016) , or empirical threshold-based models (Jakob and Lambert, 2009) , to evaluate the expected increase or decrease in the proportion of unstable areas, or in the probability of exceeding landslide occurrence thresholds.
The main drawback in the use of downscaled climate variables from GCMs for landslide-climate analyses lays in the uncertainty inherent to the downscaled climate projections (Crozier, 2010; Melchiorre and Frattini, 2012; Villani et al., 2015; Ciabatta et al., 2016) . Early investigators who used initial versions of the GCMs and the downscaling techniques recognized the problem (Buma and Dehn, 1998, 2000; Dehn and Buma, 1999; Dehn, 1999; Dehn et al., 2000) . Almost two decades of work have improved the GCMs and the downscaling approaches and techniques, but the problem of the significant epistemic (due to lack of knowledge) and aleatory (due to inherent natural variability) uncertainty remains. In a recent analysis of statistical downscaling methods and weather generators for site-specific landslide-climate modelling, Villani et al. (2015) recognized that the performances of the climate modelling chains (Fig. 7A) remain inadequate for the assessment of the effects of climate change on geo-hydrological hazards, at the slope scale. For regional-scale studies, the results are strongly dependent on the selection of the GCM, the downscaling methods, the weather generators (Ciabatta et al., 2016) , and the adopted reference scenarios. The problem is not limited to landslides, and was studied extensively for floods, another climate-related hazard. Fowler et al. (2007) ; Kay et al. (2009), and Camici et al. (2014) concur that the selection of reasonable future scenarios, reliable GCMs, and effective downscaling techniques can produce larger uncertainty than the characterization of the physical variables controlling the hydrological processes.
For landslide-climate modelling, the selection of reasonable emission scenarios, reliable GCMs, and effective downscaling techniques is more relevant than the characterization and parametrization of the physical process that control the stability conditions of a single natural or engineered slope Ciabatta et al., 2016) . Inadequate choices in the climate part (Fig. 7A ) of the landslide-climate modelling framework may lead to an underestimation or overestimation of the landslide activity or abundance, without any real physical reason (Fowler et al., 2007) .
In flood-climate modelling, different solutions were proposed to limit the propagation of the uncertainties inherent to the downscaled climate variables into the hydrological models, including e.g., using sophisticated non-stationary statistical approaches (Seidou et al., 2012a (Seidou et al., , 2012b or bias-correction methods (Teutschbein and Seibert, 2012; Ahmed et al., 2013) . However, Bloschl and Montanari (2010) have challenged the idea of using sophisticated modelling approaches, and argued that advanced attempt to minimize errors using complex multiparameter models may increase the model uncertainty. For landslideclimate modelling, a way forward consists in the construction of "ensembles" of projections (Chang and Chiang, 2011; Melchiorre and Frattini, 2012; Zollo et al., 2014; Villani et al., 2015) , always considering that climate projections are not, and cannot be used as forecasts (Bloschl and Montanari, 2010) , and that the uncertainty in the models and their outputs needs always to be assessed and, where possible, reduced. Fatichi et al. (2016) argued that a better knowledge of the relative contribution of anthropogenic forcing (scenario uncertainty), climate modelling (epistemic uncertainty), and internal climate variability (stochastic uncertainty)the three main sources of uncertainty in climate-related studiesis essential to evaluate if the uncertainty can be reduced, or not. At the local scale, internal climate variability and model uncertainty are the dominant sources of uncertainty in projections of mean and extreme precipitation for short lead-times (a few decades), and for century-distant projections. Internal climate variability is independent of models and emission scenarios, and becomes less relevant for longer projections, because of stronger climate change signals. At the regional to global scales, scenario uncertainty is the primary source of uncertainty for air temperature projections. At these scales, projected changes in mean air temperature (and other climate variables) can be better constrained developing more accurate emission scenarios.
The second component of the landslide-climate modelling framework ( Fig. 7B) consists of more or less sophisticated slope stability models commonly adopted in engineering geology, slope hydrology, or geomorphology to evaluate the stability conditions of natural or engineered slopes, or catchments. Selection of the stability model depends on the number and type of the landslides (e.g., deep-seated, shallow), the type and amount of information available to characterize the slope or landslide, and the extent of the study area (i.e., a single slope or landslide, a catchment, a large geographical region).
When the scope of the investigation is to determine the stability conditions of a single slope, the infinite-slope stability model is adopted chiefly for its simplicity of use and implementation in computer codes, even if it may fail to capture crucial details. All the processes and factors known to control or condition slope stability, including rainfall infiltration, rapid snowmelt, surface runoff, build-up of the water table(s), subsurface hydrology, evapotranspiration, the mechanical and hydrological effects of vegetation, and even the effects of engineering works (e.g., retaining structures, drainages) can be considered. More sophisticated 2D and 3D stress-stain modelling approaches can also be adopted, but are justified only where sufficient information (geological, mechanical, hydrological) is available, and where the problem is particularly relevant (e.g., in urban areas).
When the goal of the study is determining the stability conditions of entire catchments, large geographical areas or many slopes and populations of landslides, spatially-distributed modelling approaches are used, including physically-based (Chang and Chiang, 2011) , statistical, or empirical threshold-based (Jakob and Lambert, 2009) models. Modern physically-based modelling approaches (Baum et al., 2008; Simoni et al., 2008; Milledge et al., 2014; Anagnostopoulos et al., 2015; Bellugi et al., 2015 Bellugi et al., , 2016 Alvioli and Baum, 2016) extend spatially the local slope stability models, and are very promising for catchment-scale landslide-climate modelling. Their main limitations consist in (i) the large amount and detail of the distributed, surface, and sub-surface information required to properly inform the models, and (ii) the computer resources needed to run the models. The latter may not represent a severe problem anymore, as parallel versions of existing and new computer codes are becoming available (Anagnostopoulos et al., 2015; Alvioli and Baum, 2016) . However, the quantity of thematic (e.g., topographic, geological, hydrological) information needed for catchment-scale, spatiallydistributed, physically-based stability modelling remains (and is expected to remain) a challenge.
At the catchment and regional/physiographic scales, an alternative approach consists in exploiting hydrological (Ciabatta et al., 2016) or threshold-based, empirical approaches (Jakob and Lambert, 2009 ). These approaches exploit catalogues of rainfall (Guzzetti et al., 2007; Guzzetti et al., 2008) or hydrological (Reichenbach et al., 1998) events that have resulted in landslides, and attempt to identify temporal variations, including e.g., seasonal variations in the occurrence of landslides (Peruccacci et al., 2012; Vennari et al., 2014; Gariano et al., 2015b) . Problems with the approach include (i) the completeness or representativeness of the empirical information (Guzzetti et al., 2007; Guzzetti et al., 2008) , (ii) the methods used for the identification of the thresholds (Brunetti et al., 2010; Peruccacci et al., 2012) , (iii) the difficulty in establishing thresholds for a single landslide type, and (iv) the fact that multiple factors influenced by climate variationsincluding meteorological, environmental, and human-induced factorsdirectly or indirectly control landslide occurrence, and that it may be difficult (or impossible) to separate the effects and role of the different factors.
When predicting changes in the stability conditions of entire catchments or large geographical areas, an additional problem is that climate variations may change, directly or indirectly, the prevalent landslide type. Landslide-climate models constructed and calibrated for a specific predominant landslide type (e.g., deep-seated, slow moving slides) may not work where, in response to climate variations, the predominant landslide type will change (e.g., to shallow, fast-moving soil slides). In this case, the model will provide misleading projections of the landslide activity and abundance.
The applicability of the landslide-climate modelling framework to engineered slopes is useful for local risk assessments, for planning maintenance, and to decide if the planned or existing mitigation measures will prove effective and resilient to the projected climate changes, under different emission scenarios. When a climate modelling chain is calibrated in a specific site or geographical area, it can be used at different neighbouring sites or areas, allowing for comparisons. However, the possibility to export the modelling results depends on the representativeness of the model, which is difficult to decide.
Analysis of landslide and climate records
Joint analysis of past climate and landslide records aims at establishing empirical relationships (or the lack of a relationship e.g., Flageollet et al., 1999; Rossi et al., 2010; Chiarle et al., 2015) amongst time series of triggers (e.g., rainfall, temperature, snowmelt) and of landslide occurrences. A historical landslide time series can be regarded as a Marked Point Process i.e., a random element whose values are "point patterns" on a mathematical set (Last and Brandt, 1995) , and analyzed in conjunction with a corresponding rainfall record to search for correlations between landslide events and the rainfall record Witt et al., 2010; Gariano et al., 2015a) . The advantage of the approach consists in its (apparent) simplicity. In many areas, meteorological or climate records are now available for several decades, and locally for centuries. Compiling catalogues of recent and historical landslide events may be tedious and time consuming (although digital technologies are making the task simpler and faster), but it is not difficult, technologically demanding, or expensive.
Global catalogues of landslides exist (Petley, 2012; Kirschbaum, 2014; Guha-Sapir et al., 2015; Munich RE, 2016) , but they focus primarily on major catastrophic events, and are known to be incomplete for small, non-catastrophic events, limiting their use for landslide-climate studies. Several national and regional landslide catalogues and databases are also available (e.g., Guzzetti et al., 1994; Guzzetti and Tonelli, 2004; Devoli et al., 2007; Damm and Klose, 2014; Zêzere et al., 2014; Taylor et al., 2015) , and their number, quality and completeness continue to increase. Although more work needs to be done to compile and organize information on landslide events and their consequences (Van Den Eeckhaut and Hervás, 2012), systematic analysis of the existing catalogues opens to the possibility for innovative landslideclimate studies.
The major limitation of the approach lays in the well-known inherent incompleteness of non-instrumental historical records of natural events, including landslides (Guzzetti, 2000; Benito et al., 2004) . The incompleteness of a landslide time series depends on many factors, including the types of information sources, the techniques used to search the sources, and the geographical, environmental, historical, and societal characteristics of the study area. Regardless of the causes, incompleteness introduces a bias in the time series. What is worse is that the level of incompleteness (i.e., the amount of the missing information) is generally unknown, and it varies along the time series, being usually larger in the older parts of the record. This limits the possibility to analyze landslide time series with standard statistical methods that assume that the record is complete, and free of biases.
To be able to analyze statistically landslide time series, the series needs to contain a reasonable number of events, and to cover a significant period (multiple decades). For practical purposes, landslide time series are typically constructed for large geographical areas, favouring space for time. However, if the study of a large area increases the number of records, it may also introduce a larger climate and environmental variability. Lastly, when interpreting the results of correlations, it should always be clear that "correlation does not imply causation" (Spearman, 1904; Aldrich, 1995; Spiegelman, 2010) .
Analysis of paleo landslide evidences
The approach is used typically to investigate long periods, spanning thousands of years (Fig. 4, Table 1 ), and has several known challenges (Crozier, 2010) . First, accurate dating of a landslide is not trivial. It depends on the age of the landside, that controls the type and accuracy of the dating method (Lang et al., 1999) , the type and size of the landslide, and the location and the materials involved by the landslide. A second challenge lays in the reconstruction of a sufficiently long and accurate record of landslide paleo-evidences, which depends on the number of datable landslides and on the size of the study area. A larger area may have more datable landslides, at the expense of a possible larger climate and environmental variability that conditions the significance of the results, producing a higher aleatory uncertainty. A third challenge is in the difficulty (and often the impossibility) to identify the exact landslide triggers, and to separate landslides caused by meteorological triggers or climate drivers, from landslides caused by the indirect effects of climate variations (e.g., land cover or land use changes, forest harvesting and other human actions, Innes, 1983 Innes, , 1985 Glade, 1998 Glade, , 2003 van Beek, 2002; Imaizumi et al., 2008; Lonigro et al., 2015) , from other landslides caused by non-meteorological/climatic triggers (e.g., earthquakes). Lastly, there exists a clear limitation inherent to working with processes, variables and data characterized by a large natural (aleatory) variability and epistemic uncertainty.
Expected changes in landslide activity, abundance and type
A few attempts exist at global landslide hazard or risk assessments. Nadim et al. (2006 Nadim et al. ( , 2013 proposed a global hotspot landslide hazard zonation map, and Petley (2012) showed the global distribution of 2620 non-seismically triggered fatal landslides between 2004 and 2010. The two maps show common clusters of moderate to very high hazard areas and fatal landslide sites, chiefly in the main mountain ranges, including the Himalayas, the Alps, and the American Cordillera. In both maps, Asia is the most landslide-prone continent.
In the global landslide hazard map ( Fig. 7 of Nadim et al., 2006) areas of moderate to very high landslide hazard are identified in Central and Western America, the Caucasus, the Middle-East, the Himalayas, Southeast Asia, Italy, and Japan. Conversely, Europe (except for the Alps, Apennines and the Dinarides), Africa (except part of the East Africa's Rift Valley) and Oceania (except New Zealand), are considered having a negligible to very low level of hazard. In his Fig. 5 , Petley (2012) showed large numbers of fatal landslides in the Himalayas, China, Southeast Asia, Central America, and northwestern South America. Fatal landslides are reported in Africa and Europe, in areas considered at negligible to very low landslide hazard by Nadim et al. (2006 Nadim et al. ( , 2013 , whereas they appear under-represented in south America, possibly due to lack of information.
Not surprisingly, the geographical pattern of the fatal landslides, and of the hazardous landslide areas, depends largely on relief, precipitation, and the distribution and abundance of the population. Precipitation (directly) and the distribution and abundance of the population (indirectly) are affected by climate and its variations, and may influence the geographical pattern of landslide hazard and of fatal landslides.
Globally, the average surface temperature is projected to increase in many regions under all emission scenarios (IPCC, 2014) (Fig. 8A) . The increase is the highest under the worst-case RCP8.5 scenario (in terms of projected CO 2 emissions), and it is projected to be more significant in the northern hemisphere, but also distinct in northern Africa, southern Africa, and central South America. Changes in the surface temperature are expected to influence precipitation, with mean precipitation projected to increase significantly (more significantly under the RCP8.5 scenario) at high latitudes, in mid-latitude wet regions, and in parts of the equatorial regions and of the northern tropical areas of Africa and the Arabic peninsula (Fig. 8A, B) . In many areas, it is anticipated that extreme precipitation events will become more intense and frequent. Conversely, the mean precipitation is likely to decrease (more significantly under the RCP8.5 scenario) in mid-latitude and subtropical dry regions, in Central America, in the Mediterranean area, and in the southern regions of Africa and South America (Fig. 8B) .
The projected increase in surface temperature is expected to result in more intense and frequent rainfall events. In particular, "extreme precipitation events over most of the mid-latitude land masses and over wet tropical regions will very likely become more intense and more frequent" (IPCC, 2014) . In addition, there is a "high confidence that changes in heavy precipitation will affect landslides in some regions" (Seneviratne et al., 2012) . Where the frequency and/or the intensity of the rainstorms will increase, shallow landslides, including rock falls, debris flows and debris avalanches, and also ice falls and snow avalanches in high mountain areas, are also expected to increase . These areas include the Alps, the Himalayas and most of the American Cordillera, but also the Atlas Mountains in northwestern Africa, mountains and hills in southwestern Africa, the East Africa's Rift Valley and the Arabian Peninsula, the Carpathians in Eastern Europe, the Appalachians in eastern North America (Fig. 9 ). According to Seneviratne et al. (2012) , there is "low confidence regarding future locations and timing of large rock avalanches, as these depend on local geological conditions and other non-climatic factors". Given the high vulnerability of individuals and communities to shallow landslideswhich often are very to extremely rapid (Cruden and Varnes, 1996) we expect that in these areas landslide risk to the population will increase in absence of adequate mitigation measures or adaptation strategies (Sidle and Burt, 2012) , including e.g., local or regional landslide early warning systems (Stähli et al., 2015) .
In the same general areas, the degree of activity and the occurrences of new deep-seated landslides are expected to decrease (Malet et al., 2005; Coe, 2012; Comegna et al., 2013; Rianna et al., 2014) (Fig. 9 ). Extremely to moderately slow deep-seated landslides (including e.g., earthflows, mudflows, complex and compound slides) generally do not pose a serious threat to human life. Hence, their predicted reduced activity will not decrease landslide risk to the population significantly, but it is expected to contribute to reducing landslide impact and the related economic damage. The projected increase in air temperature is also expected to affect the stability of rock slopes at high latitudes (particularly in the northern hemisphere, Fig. 8A ) and at high elevations, where permafrost exists and may be reduced by the increased temperature Stoffel et al., 2014; Chiarle et al., 2015; Ravanel and Deline, 2015; Paranunzio et al., 2016) . According to IPCC, there is a "high confidence that changes in temperature, glacial retreat, and/or permafrost degradation will affect slope instabilities in high mountains, and medium confidence that temperature-related changes will influence bedrock stability" (Seneviratne et al., 2012) . In high mountain areas, not only small-sized rock falls and ice falls, but also large rock slides and rock avalanches may become more abundant (Fig. 9) , and instability conditions initiated locally by variations in the air temperature can evolve independently of the climate drivers , extending the temporal legacy of the climate drivers. At high latitudes, particularly in the taiga and tundra areas in the northern hemisphere, permafrost melting can initiate ground instability processes even in low gradient terrain, producing incised gullies that transform rapidly into wide badland areas.
Finally, variations in the air temperature are expected to change the geographical location of areas affected by snowfall, the frequency of snowfall events, the depth of the snow pack, and the time required for the snow to melt. They will also change the frequency of rain-onsnow events. Rapid snowmelt and rain-on-snow events are known triggers of landslides, that will change in frequency and efficacy where the air temperature changes. There is "medium confidence that highmountain debris flows will begin earlier in the year because of earlier snowmelt, and that continued mountain permafrost degradation and glacier retreat will further decrease the stability of rock slopes" (Seneviratne et al., 2012) .
Annual mean precipitation is projected to increase at the high latitudes and in the equatorial Pacific, under the RCP8.5 scenario ( Fig. 8B ) (IPCC, 2014) . In these areas, and particularly in mountainous and hilly terrains, deep-seated landslides, rock slides, earthflows, and mudflows are expected to occur more frequently, or to increase their seasonal activity (Jakob and Lambert, 2009; Chang and Chiang, 2011) . In North America, the annual precipitation is expected to increase in the north and to decrease in the south, with opposite consequences on climaterelated landslide occurrences (Jakob and Lambert, 2009; Coe, 2012) . Here, an increase in the frequency of shallow landslides and debris flows (Jakob and Lambert, 2009) , and a reduction in the activity of rainfall triggered deep-seated landslides, or a deceleration in their displacements (Coe, 2012) , are expected ( Fig. 9) .
In places, including e.g., the southern European Alps, the mean annual precipitation is projected to remain constant, but concentrated in a fewer number of rainy days, resulting in more intense rainfall events (IPCC, 2014) . We anticipate that this will result in more frequent shallow landslides (Saez et al., 2013; Stoffel et al., 2014) , and in less frequent deep-seated failures (Malet et al., 2005; Comegna et al., 2013; Rianna et al., 2014) (Fig. 9 ). In these areas, a variation in the number of the rainy days may change the precipitation regime, resulting in a variation in the temporal distribution of rainfall-induced landslides
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It should also be considered that in many areas, global warming will have an impact on land use and land cover, on agricultural and forestry practices, and on the economy. These changes may also change the activity and the rate of occurrence of landslides, and hence landslide hazard and risk (van Beek, 2002; Wasowski et al., 2010; Lonigro et al., 2015) . There is currently "low confidence in projections of an anthropogenic effect on phenomena such as shallow landslides in temperate and tropical regions, because these are strongly influenced by human activities such as poor land use practices, deforestation, and overgrazing" (Seneviratne et al., 2012) . In the central Apennines of Italy, and in similar areas in the Mediterranean region, the expected increase in rainfall intensity, coupled with a general lack of maintenance of old debris flow controlling structures, may increase the frequency of large debris flow events with catastrophic consequences in areas that are currently considered at low to moderate landslide risk ( Fig. 9 ). In regions of SE Asia and elsewherewhere in response to climate and economic drivers, forests are cut (e.g., to obtain wood or agricultural land) or the forest cover is converted (e.g., from native vegetation to oil palms), landslide activity and the frequency of landslide occurrences are expected to increase of an amount that is difficult to predict, and even to model. In these cases, land cover change has a greater influence on landslides than climate change . Finally, in fast urbanizing areas, and particularly where demographic, societal and economic stresses are expected high or rising, we should expect an increase in the number of failures, of both natural and engineered slopes.
Recommendations for adaptation and risk reduction strategies
A number of countries have designed, and some are implementing climate adaptation strategies. A thorough review of the strategies is beyond the scope of this work, but an unsystematic analysis of the strategies and of the related preparatory and accompanying documents, revealed that only a few countries have considered landslides in their strategies (Table 3) , typically in association with other hazards (e.g., flood, erosion, subsidence, drought). Swart et al. (2009) in a comparison of climate adaptation strategies in European countries concluded that landslides are an increasing risk in Europe. Yet, adaptation strategies in Europe (and elsewhere) are not clear or specific on the actions required to limit landslides and to reduce landslide risk.
It is accepted that effective risk reduction requires a mix of mitigation efforts and adaptation strategies acting at different temporal and geographical scales, and adopting an ensemble of structural and nonstructural measures. Structural ("hard") measures imply the construction of physical defenses (e.g., walls, piles, drainages, retaining basins), which are designed considering the type and size (magnitude) of the expected hazard (e.g., a landslide) and a reference return period for the design (expected) hazardous event. Most commonly, the return period, or the expected frequency of the event, are determined assuming a stationary time series of events (i.e., a landslide record) or of triggers (i.e., a record of rainfall or snowmelt events). In the framework of a changing climate, the stationary hypothesis may not be valid (Milly et al., 2008) , and other approaches are needed for the design of engineered structures (Pauling and Pauleth, 2007; Cheng and AghaKouchak, 2014) . We recommend that the design of structural measures adopts a pragmatic, problem solving approach, profiting from experience (historical records), existing and new information (monitoring), and modern modelling and computational means (Montanari and Koutsoyiannis, 2014) . It is equally important that the uncertainties inherent in the historical records, monitoring data, and modelling tools are considered.
Existing single (e.g., a retaining wall, a check dam, a drainage) or multiple (e.g., a system of retaining barriers or a set of drainages in a slope, a set of check dams in a catchment) defensive structures may require modifications to adapt to the new, predicted climate conditions. For single landslides and for marginally stable engineered slopes (Loveridge and Spink, 2010) , surface and deep drainages may prove insufficient or may become ineffective, resulting in unpredicted instability conditions. Defensive structures may have been designed for a specific type of failure (e.g., a slow moving deep-seated landslide) and as a result of a change in climate, a different type of landslide may be triggered (e.g., a very rapid soil slipdebris flow). In this case, the presence of structural defensive measures gives a false sense of safety (Sidle and Chigira, 2004) . We recommend that all structural slope defensive measures are checked to evaluate their efficacy in the new or predicted climate conditions.
In the central Apennines of Italy, between 1930 and 1960, complex systems of check dams were installed and catchments were reforested to reduce torrential phenomena and debris flow events. The combined effect of the containment capacity of the check dams and the lowered erosion capacity of rainfall produced by the forest cover, has reduced the frequency and intensity of the debris flow events (Guzzetti and Cardinali, 1991) . Today, the check dams are filled by large quantities of materials, and most of the forests are not, or are poorly maintained. An increase in rainfall intensity, or in the number of intense rainfall events, may reactivate the debris flows causing the collapse of single or multiple check dams, with potentially catastrophic domino effects that can mobilize volumes of material larger than historically recorded. Lack of maintenance of the forest worsen the situation, increasing the potential magnitude of the debris flows. The long-term, basin-scale effort conducted between 1930 and 1960 to mitigate the debris flow hazard is in jeopardy due to the predicted climate changes in this area. The efficacy of the entire defensive system provided by the sets of check dams and the forest should be evaluated considering the projected climate conditions, and their meteorological and environmental consequences. Similar situations are found in other parts of the Apennines, in the Italian Alps, and elsewhere in the Mediterranean area and in Japan. (2015) Non-structural ("soft") measures exploit practices and policies on information, dissemination, and education, avoiding physical constructions. A number of soft measures can prove cost-effective against landslide risk, including sustainable land management, and forest harvesting. However, long-term land planning frequently does not consider climate change and the related environmental and societal consequences. In Italy, River Basin Authorities have prepared basinscale, landslide (and flood) hazard and risk assessment and management plans (PAI, an Italian acronym for River Basin Management Plan) largely ignoring the effects of the predicted climate and environmental changes. This limits the future effectiveness of the plans that may even be counterproductive. In places, the plans ignore or underestimate the risk posed by specific landslide types and particularly the types that are expected to increase in response to the predicted climate changes (e.g., very to extremely rapid soil slips and debris flows). In these areas, mitigation actions and adaptation strategies based on the existing risk assessments may be misleading, inadequate, or incorrect. The problem is not limited to the Italian PAI, and we recommend that wherever existing plans should be re-evaluated, and new plans should consider the expected direct and indirect effects of climate and environmental changes.
Landslide monitoring and early warning systems (Stähli et al., 2015) are a different type of effective non-structural defensive measure that can greatly reduce landslide risk, and particularly the risk to the population. However, existing systems often rely on information and models (i.e., rainfall, discharge, soil-moisture, displacement or velocity thresholds) that typically do not consider the predicted future climate or environmental changes. For systems based on rainfall thresholds, it is unclear how to scale or transfer a threshold established in a climate zone to a different and distant climate zone (Guzzetti et al., 2007 . We recommend that empirical rainfall thresholds for possible landslide occurrence used for early warning are based on rainfall information measured by the same (or a similar) network of rain gauges used to prepare the landslide forecasts, and rely on landslide information and rainfall measurements taken in the same (or similar) climate and environmental conditions. Similar recommendations apply to other types of measurements and thresholds.
The ability of the existing networks of meteo-hydrological sensors to measure variables relevant to landslide early warning may be reduced where the effects of climate change will be more rapid. In places, the networks (i) have an insufficient density of stations at elevated areas, and in small and remote catchments (Borga et al., 2008) , (ii) do not measure accurately high intensity rainfall, a primary trigger of soil slips and debris flows , (iii) may be blind to snowfall and subsequent snowmelt or rain-on-snow events (other triggers of landslides) particularly at lower elevations, and typically (iv) do not measure soil moisture and pore water in the ground, which are useful to know for shallow landslide modelling and early warning. Some of these limitations may be (partially) addressed by modern weather radar systems (Borga et al., 2008 Peleg et al., 2013; Marra et al., 2014; Penna et al., 2014) and ensembles of limited area numerical weather prediction models (Collier, 2007; Alfieri et al., 2014; Borga et al., 2014) , where they are available. We recommend that the on-setting and predicted meteorological variations due to climate change are considered in the design and the operation of landslide early warning systems, and that the systems are adjusted periodically considering the changing climate.
Overall, considering that global warming will increase the frequency of the intense rainfall events, and will modifyand in several case, extendthe areas subject to rapid-moving shallow landslides triggered by intense rainfall, a particularly lethal type of landslide (Guzzetti et al., 2005b) , we anticipate that the number of people exposed to landslide risk will increase. However, when considering the direct impact of landslide on the population (Fell and Hartford, 1997; Guzzetti, 2000; Gariano et al., 2015a) , one must consider that landslide risk results from multiple factors with contrasting effects and feedbacks, including the type, abundance, distribution and frequency of the landslides, and the abundance and distribution of the population. Both types of factors are influenced by climate and its variations. Fig. 10 shows the distribution and magnitude of fatal landslides in Italy from 1950 to 2015, a period in which 661 fatal landslides have caused 4105 fatalities, including 1910 estimated fatalities caused by the Vajont landslide (9 October 1963), the most destructive slope failure in Europe in historic time. In the same period, the population has increased from 47 million (1950) to 59 million (2015), the climate has changed, with a reduced number of wet days balanced by an increase in the intensity of the rainfall events (Brunetti et al., 2001) , and more than half of the Italian territory has changed land use, with an acceleration of the changes in the last decades (Falcucci et al., 2007) . Inspection of Fig. 10 reveals that whereas the frequency of the low magnitude events (with one or two fatalities) has remained unchanged, the magnitude of the most destructive events has decreased in the observation period. This is the result of a mix of natural (including climate conditions) and societal causes. We argue that the reduced magnitude of the most destructive events is due largely to the increased availability of information, and to improved monitoring and warning systems.
Conclusions
"Warming of the climate system is unequivocal" (IPCC, 2014), and climate change can affect landslides and the stability of natural and engineered slopes (Seneviratne et al., 2012) . The majority (80%) of the papers that we have examined found causal relationships between landslides and climate change. Climate and landslides operate at different geographical and temporal scales (Fig. 6) , and reconciling the different scales is difficult, and remains uncertain. The type, extent, magnitude, and direction of the changes in the stability conditions of the slopes, and on the location, abundance and frequency of the landslides, are not completely clear. The effects of the warming climate on landslide risk, and particularly the risk to the population, also remain difficult to quantify.
Our analysis of the literature, and our understanding of how climate factors condition slope stability and landslide hazard, allows for the following considerations and recommendations.
There is a clear geographical bias in the existing landslide-climate studies (Fig. 2) . Large parts of the world remain poorly investigated, or not investigated at all, and particularly in the regions where the impact 1960 1970 1980 1990 2000 2010 Lanslide fatalities per event Cumulated number of fatalities 1 2-4 5-9 20-50 10-19 >50 Vajont, 1963 Stava, 1985 Sarno, 1998 of the changing climate on landslides and slope stability is expected to be more severe, or widespread. Even in countries for which studies are abundant, the studies are distributed unevenly and in a few hotspot areas e.g., the Ubaye Valley and the Barcelonnette area in France, or the Dolomites in Italy. We recommend that more landslide-climate studies are completed, and particularly where a few studies exist i.e., in Asia, South America, and Africa. The current landslide-climate modelling capabilities, based on a complex framework that exploits downscaled climate variables in more or less sophisticated (physically-based/empirical) slope stability models (Fig. 7) , remain limited. Each component of the landslide-climate modelling chain canand shouldbe improved, but significant epistemic and aleatory uncertainties are expected to persist (Crozier, 2010; Melchiorre and Frattini, 2012; Fatichi et al., 2016) . The uncertainties will percolate through the modelling chain affecting the landslide-climate projections. Some of the uncertainties are larger than others, or have a greater role in determining the landslide-climate predictions, or scenarios (Coe and Godt, 2012) . Adopting a pragmatic approach (Bloschl and Montanari, 2010) , we maintain that uncertainties must be (i) determined and quantified, as much as possible, (ii) considered, when using the projections, and (iii) communicated, to decision makers and the public.
The slope stability models used to predict the effects of climate change on landslides (Fig. 7) at different geographical scales ignore that climate records are typically not stationary (Milly et al., 2008) , the time dependence of the landslide events Witt et al., 2010) , and the effects of specific triggers and their magnitude on future landslides. Models further assume that susceptibility is time invariant, and ignore the hereditary effects of old landslides on new landslides (Samia et al., 2016) . These limitations may jeopardize the landslide predictions. We recommend to construct new slope stability models capable of cope with nonstationary climate and landslide records, and of considering the time dependence of the events. We also recommend that temporal variations in landslide susceptibility driven by climate and environmental changes are investigated (Reichenbach et al., 2014) to determine their sign and magnitude, and their effects on the landslide projections.
Although the trends foreseen by modern climate modelling are unambiguous (IPCC, 2014) , the details of the projections vary depending on the severity of the emission scenarios. A number of authors have recognized that selection of reasonable scenarios, together with reliable GCMs and effective downscaling techniques, affects significantly the landslide-climate projections Melchiorre and Frattini, 2012; Villani et al., 2015) , and is more relevant than the selection of the slope stability model and its parametrization . For landslide-climate studies, we recommend to select a range of emissions scenarios and to construct ensembles of projections Villani et al., 2015) , although this may be time consuming and resource intensive. We also recommend to use with caution results obtained adopting catastrophic scenarios. Catastrophic scenarios will have larger impacts on all climate variables, making the landslideclimate projections more uncertain, and may produce unrealistic overestimations or underestimations of the landslide activity, or abundance (Fowler et al., 2007) . We further suggest working in areas with longterm past climate records, which should be used to calibrate the downscaled GCM projections.
Most of the physically-based landslide-climate modelling efforts have focused on individual landslides (Crozier, 2010; Coe and Godt, 2012; Comegna et al., 2013) . Empirical and/or statistical approaches have also focused on relatively small geographical areas encompassing a few tens to a few thousand square kilometers (Jakob and Lambert, 2009; Jomelli et al., 2009) (Table 1) . We argue that there is a need for more, and better regional to global assessments of the projected impacts of climate change on landslide activity, abundance, and types. With this respect, our Fig. 9 should be regarded as preliminary, and a first attempt to tackle the problem.
Regardless of the drivers and the specific trigger, where a new landslide occurs the soil and rock in the slope degrade from peak to residual strength conditions. This is typically an unrecoverable effect in the range from years to decades, characteristic of landslide-climate analyses. Where, in direct or indirect response to climate variations, new landslides form or dormant landslides are reactivated, the mechanical properties of the slope materials degrade, and additional failures are possible in absence of additional climate drivers.
Climate modelling predicts different climate variables. The significance of the projections varies geographically, and depends on the type of variables, with predictions of temperature more dependable than predictions of precipitation. For precipitation, the uncertainty associated to downscaled projections for short and intense rainfall is much larger than for prolonged rainfall. We expect that the landslideclimate studies are affected by the significance of the climate variables used, and that projections based on temperature are more dependable than those based on precipitation. Thus, we expect that landslideclimate studies in high-mountain environments (where temperature plays a major role) will produce reliable results, and that projections of the behavior of deep-seated landslide activity (related to long rainfall periods) will be more dependable than projections for shallow landslides. Given the uncertainty associated to the forecast of high intensity and short duration precipitation, for shallow landslides triggered by short and intense rainfall events we anticipate that only regional landslide-climate studies will provide significant results.
Determining if and where landslide risk, and particularly risk to the population is excepted to increase (or decrease) in direct or indirect response to changes in the climate drivers remains a difficult and uncertain task that needs more investigations. However, given the fact that in some areas global warming is expected to increase the intensity of rainfall events and the frequency of intense events, which are a primary trigger of shallow, rapid-moving landslides, and that rapid landslides (e.g., soil slips, debris flows, rock falls, minor rock slides) are a primary cause of landslide fatalities (Guzzetti et al., 2005b; Petley, 2012) , we expect that in these areas the total number of people exposed to landslide risk will increase, in response to the available climate projections (Fig. 8) .
Lastly, we stress that global warming has direct and indirect impacts on multiple natural (e.g., environmental, water availability), and human induced (e.g., land use/cover, agriculture and forest practices, energy resources, urbanization, demography, economics) factors, which in turn can condition (directly and indirectly) landslide activity and abundance, and the frequency of landslide events. The natural and human induced drivers have complex interactions and feedbacks, which are difficult to investigate and quantify even in a "stable" climate. The direction and magnitude of the drivers, and of their effects, may outweigh the known or predicted changes in landslide activity due to climate change (Sidle and Dhakal, 2002) . In many areas the shifting climate drivers will act on landscapes (and slopes in the landscapes) that were long modified by human actions. This all adds to the uncertainty in the evaluation of the impacts of climate change on landslides and the stability of natural and engineered slopes. 
